The stability, dispersibility and oral bioavailability of coenzyme Q10 (CoQ10) are known to be improved upon complexing CoQ10 with -cyclodextrin (-CD). However, the details of the three-dimensional structure of the -CD/CoQ10 complex are not well understood. Therefore, the molecular composition and three-dimensional structure of the complex were investigated using chemical analyses and molecular modeling. The molecular ratio of -CD and CoQ10 in the complex was investigated by NMR as well as by HPLC to determine the -CD/CoQ10 ratio of 2.5. DSC analysis of the -CD/CoQ10 complex indicated formation of the inclusion complex. Three different complex models (-CDx2+CoQ10; -CDx3+CoQ10; -CDx5+CoQ10x2) that correspond to the derived -CD/CoQ10 ratio were also constructed and then molecular mechanics and dynamics calculations were carried out to provide several possible complex structures. Based on the complex structures thus obtained, structural and energetic features of the complexes were examined.
Introduction
Coenzyme Q 10 (CoQ10), which is known as ubiquinone 10, has a quinone skeleton and a long hydrophobic isoprenoid side-chain, as shown in Figure 1 . CoQ10 is an important coenzyme that participates in ATP production in the mitochondrial electron transport chain. Due to its antioxidant activity, CoQ10 is widely used for various products including supplements, functional foods, and cosmetics [1] [2] [3] . However, CoQ10 has some drawbacks such as its instability against heat and light and its poor oral absorption due to the high hydrophobicity [4] .
Cyclodextrins (CDs) are cyclic oligosaccharides consisting six, seven or eight glucose units with a truncated cone shape. CDs have hydroxyl groups at the top and bottom edges, and are therefore soluble in water. On the other hand, they have a hydrophobic cavity inside and can contain a lipophilic molecule. That is, CDs can take an insoluble organic molecule in it and form an inclusion complex.
Recently, CoQ10 complexed with the -CD with eight glucose units has attracted much attention. This complex has been developed in order to address the drawbacks described above and to take advantage of biochemical benefits. Moreover, it has been reported that the stability, and oral bioavailability of CoQ10 are greatly improved upon complexing it with -CD [5] , [6] , [7] . In contrast, details of the three-dimensional structure of the -CD/CoQ10 complex are not well known until present. Under these circumstances, we carried out some chemical analyses and molecular modeling to obtain insight into the structural aspects of the -CD/CoQ10 complex. 
Materials and Methods

Preparation of -CD/CoQ10 complex
To a solution of -CD (19.73 g, 15 mmol) in H 2 O (50 mL) was added CoQ10 (324 mg, 0.375 mmol) at room temperature and stirred for two days under light shielding. After the color of the suspension solution turned pale yellow from orange, the reaction mixture was filtered through the membrane filter (pore size = 1 micron) and the precipitate was washed with water. The obtained solid was then dried at 4~5 °C in the dark. The dry residue was suspended in the 50 mL (300 mM) -CD solution and stirred for two days, filtered and dried to give a -CD/CoQ10 complex (1.24 g) as a pale yellow solid.
Estimation of -CD/CoQ10 ratio
In order to estimate the molecular ratio of CoQ10 and -CD in the complex, the following analyses were used. 1 H-NMR (Nuclear Magnetic Resonance) of -CD/CoQ10 complex, -CD and CoQ10 were recorded on a Bruker DPX400 NMR spectrometer using DMF-d7 as solvent. The -CD/CoQ10 ratio of the complex was calculated from the integrals of the proton peak areas. High performance liquid chromatographic (HPLC) analysis was carried out using a Shimadzu LC-2010C liquid chromatograph equipped with a COSMOSIL 5C18-AR-II (4.6 mm i.d. x150 mm) column. After a standard curve was plotted with the DMF solution of CoQ10, the -CD/CoQ10 complex in DMF (ca. 0.4 mg/mL) was analyzed with detection by UV (280 nm). The CoQ10 content in the complex was calculated using the peak area.
DSC analysis
Differential scanning calorimetry (DSC) analysis was performed on a Shimadzu DSC-60 calorimeter, operating from 30 to 80 °C at an increasing rate of 10 °C/min.
Molecular modeling
Based on the estimated ratio of CoQ10 and -CD in the complex, three kinds of complex models were constructed. In each case, three sorts of stacking orientations for -CDs were investigated. CoQ10 was placed in the tunnel generated by the stacks to form the inclusion complex. In addition, two kinds of inclusions were examined for CoQ10; a quinone skeleton (head) is included by -CD in one kind (H incl ) and an isoprenoid side-chain (tail) alone is included by -CD in the other (T incl ). Multiple initial complex structures were manually constructed in each type derived from a combination of the three kinds of complex models, three different sorts of stacking and two kinds of inclusions (H incl and T incl ).
First, the starting complex structures were geometrically optimized with molecular mechanics to eliminate bumping between molecules. Next, the resulting complex structures were subjected to molecular dynamics simulations of 1 ns without solvent, and then energy minimized to form stable complex structures without solvent (in vacuo). For each structure type, the most stable complex structure was selected and soaked into a spherical water drop of 50~60Å in diameter. After eliminating bumping between molecules by the geometry optimization, molecular dynamics simulations of 500 ps were performed at 300 K. Finally, energy minimization of the complexes was carried out to provide the stable complex structures in water.
The three-dimensional structure of -CD elucidated by X-ray crystallographic analysis [8] was used for the initial structure and the extended form of CoQ10 was employed for its starting conformation in the complexes. The most stable conformation and the energy of CoQ10 alone was derived by the stochastic search technique [9] , which searches stable conformations by randomly changing torsional angles of single bonds. All computational works including molecular mechanics and molecular dynamics calculations were performed using the computational chemistry package MOE (Molecular Operating Environment [10] ) with the force field of MMFF94x [11] . With respect to the molecular dynamics simulation, a time step of 2 fs was used and the SHAKE procedure [12] was applied to constrain all bonds connected to hydrogens.
Results and Discussion
Estimation of -CD/CoQ10 ratio
The 1 H-NMR spectrum for the -CD/CoQ10 complex is shown in Figure 2 . The peak integration of protons in the hydroxyl group ( = 4.65 ppm) of -CD and that in the methoxy group ( = 3.98 ppm) of CoQ10 were employed to calculate the molecular ratio of CoQ10 and -CD in the complex, resulting in a value of 2.5. Based on the peak area obtained from the HPLC analysis, the CoQ10 content in the complex was calculated to be 19 %. This leads to a -CD/CoQ10 ratio of 2.5 since the complex contained 10 % of water. The results determined by both analyses were consistent.
DSC analysis
DSC measurements provided the chart shown in Figure 3 . CoQ10 alone showed a distinct endothermic peak around 50 °C corresponding to the melting temperature. This peak diminished nearly to the flat level upon complexation. In other words, the amount of endothermic heat per CoQ10 was drastically reduced from 116.3 J/g to 2.9 J/g. These data clearly indicate formation of the inclusion complex of CoQ10 and -CD [13] . 
Molecular modeling
From the analytical data obtained above, CoQ10 and -CD were determined to form inclusion complexes at a -CD/CoQ10 ratio of 2.5. Based on this ratio, three kinds of complex models were constructed: 2 molecules of -CD and 1 molecule of CoQ10 complex (CD2), 3 molecules of -CD and 1 molecule of CoQ10 complex (CD3), and 5 molecules of -CD and 2 molecules of CoQ10 complex (CD5). The observed ratio of 2.5 corresponds the complex model CD5 or an equimolar mixture of model CD2 and model CD3 (CD2+CD3). In each model, three sorts of stacking orientations for -CDs (A, B and C) were investigated, as shown in Figure 4 . These stackings were based on X-ray crystallographic analysis of -CD [8] . Multiple initial complex structures were manually constructed in each structure type, and parallel as well as antiparallel lineups of CoQ10s were considered in the case of CD5. The parallel lineup was not investigated for H incl because the volume of the double heads was too large for inclusion. Molecular mechanics and molecular dynamics calculations were performed on the structures thus constructed.
CD2
CD3 In the first stage, the energetic and structural features of the complexes were evaluated in vacuo. In almost all complex structures, the stacking of -CDs remained after simulations but the intensity of the interaction between -CDs changed. In some cases, the extensive hydrogen-bonding network among the hydroxyl groups were remained between neighboring -CDs, making the intermolecular distances short. In other cases, fewer hydrogen bonds were observed at the -CD interface, making the intermolecular distances a little longer. In a few complex structures such as CD2-A-H incl , the quinone skeleton was partially stuck at the interface between two -CDs, preventing the regular stacking of -CDs. Table 1 shows the conformational energies of the stable complex structures obtained by the 1 ns molecular dynamics simulation followed by energy minimization. In addition, conformational energies derived by the geometry optimization of 2, 3 and 5 -CDs (CD2, CD3 and CD5 without CoQ10) were also listed in Table 1 . It can be seen from Table 1 that energies are more dependent on the sort of stacking of -CD than inclusion portion (H incl or T incl ). Stacking B gave the most stable complex structures for both CD2 and CD3, and stacking A for CD5. This tendency is considered to come from the stability of 2, 3 and 5 -CDs. As for 2 and 3 -CDs, stacking B was 15~42 kcal/mol more stable than stackings A and C. On the other hand, stacking C was most stable for 5 -CDs. The energy difference between stackings C and A was, however, less than 8 kcal/mol and it was imagined that the stability order might be reversed upon complexation with CoQ10.
The most stable structures among the three kinds of complex models are shown in Figures 5~7. As for CD2, H incl with stacking B (CD2-B-H incl ) was most stable, as seen in Table 1 . The most stable complex structure for CD3 had stacking B with the quinone moiety included in the -CD (CD3-B-H incl ), but the energy differences due to the inclusion portion were rather small. With respect to CD5, T incl with stacking A (CD5-A-T incl ) having antiparallel CoQ10s was most stable. In some examples of CD2, the head or tail of CoQ10 that was not included in the -CD tunnel wound around -CD, as shown in Figure 5 . In the complex structure shown in Figure 5 , a hydrogen bond formed between the carbonyl group in the quinone and hydroxyl group in -CD. Some isoprenoid chains of CD3 took on a helical conformation, which may be favorable for hydrophobic interactions with -CD ( Figure 6 ). Two isoprenoid chains of CD5 kept the extended form after simulations, as shown in Figure 7 . In the case of CD5, H incl had relatively high energies. This may be due to the bulkiness caused by the proximity of two quinone moieties. Stabilization energies gained by complexation were estimated based on the following simple equation for the three most stable structures described above.
Here, E complex is the energy of the complex and E -CD is the lowest energy among the minimized energies (given in Table 1 ) of 2, 3 and 5 -CDs. E CoQ10 is the lowest energy of CoQ10 alone and the value of 113.4 kcal/mol was derived using the stochastic search technique. Using the above equation, the stabilization energies were calculated to be 88, 103 and 189 kcal/mol for CD2-B-H incl , CD3-B-H incl and CD5-A-T incl , respectively. The stabilization energy for CD2+CD3 was then calculated to be 191 kcal/mol, which was comparative to that of CD5. Therefore, CD2+CD3 and CD5 were considered to be equally probable in view of the simple stabilization energy. As the molecular weights of the three kinds of complex models (CD2, CD3 and CD5) are rather different, mass spectrometry provides useful data about the composition of the complex. We attempted to obtain a mass spectrum, however, were unsuccessful, probably due to poor ionization of the sample.
In the second stage, 500 ps molecular dynamics simulations in water followed by energy minimization were performed for the most stable complex structure for each structure type (e.g. CD2-C-T incl ) among those obtained by the first stage. Overall conformations of the complexes in water were not significantly different from those obtained without solvent and the -CD stackings were also kept in water. Figure 8 shows the stable structure of CD3-B-H inc with the isoprenoid side-chain kept in the helical conformation. The stable structure of CD5-A-T incl with the antiparallel CoQ10s in water is shown in Figure 9 . In this complex, around 25 water molecules were found in the gap between -CD and CoQ10. Water molecules were also observed at the -CD interfaces, which had fewer hydrogen bonds and longer inter-CD distances.
Since overall complex structures of the three kinds of models were maintained after molecular dynamics simulations in water, these models were thought to be candidates for the real complex. If we take the solvation energy into account, the stabilization energy becomes more accurate. As shown in Figure 9 , the hydrophobic side-chains were inserted in the hydrophobic tunnel of -CDs, with the hydrophilic quinone skeleton exposed to the solvent in the case of CD5. On the other hand, the hydrophilic head was included in the hydrophobic cavity of -CDs, with some portion of the hydrophobic tail exposed to the hydrophilic solvent for the most stable complex models of CD2 and CD3 (Figure 8 ). Therefore, CD5 was considered to be more stable and probable compared with CD2+CD3 in view of the stabilization energy taking the solvation energy into account.
It is reported that the PUFA (poly unsaturated fatty acid) triglyceride complexed with the γ-CD showed a significant increase in the stability toward oxidation and heat. According to the proposed inclusion complex structure, the three unsaturated carbon chains of the triglyceride were inserted into the cavity formed by two γ-CD molecules [14] . A complex model with two side-chains included in the γ-CD was also reported for prostaglandins [15] . Interestingly, two alkyl side-chains of a prostaglandin were included in the γ-CD while only one side-chain was involved in the complexation for the -CD with six glucose units. In this respect, CD5-A-T incl shown in Figure 9 greatly attracted our attention because two side-chains were beautifully inserted in the -CD tunnel. It seems useful for future works of the inclusion complex that the probable complex model (CD5) corresponding to the experimentally estimated -CD/CoQ10 ratio were presented here. -CDs are shown in blue or yellow. Carbon and hydrogen atoms of CoQ10s are shown in green or dark green and their oxygen atoms in red. Space-filling models are used for the complex and line models are employed for solvent.
Conclusion
In this investigation, NMR, LC and DSC analyses on the -CD/CoQ10 complex, confirmed formation of the inclusion complex with a -CD/CoQ10 ratio of 2.5. Three different kinds of complex models that correspond to the ratio were then constructed and molecular mechanics and molecular dynamics calculations were carried out to provide several complex structures. Examination of the structural and energetic features of the complexes showed that CD5 was more probable compared with CD2+CD3 in view of the stabilization energy. The results obtained in this study are considered to provide useful insights for further structural investigations.
